signals (Andersson 1994) and that these signals express heightened condition dependency reflecting male genetic quality (Pomiankowski 1987; Grafen 1990; Iwasa and Pomiankowski 1994) . Males of high genetic quality should then express greater sexual trait size or display, whereas poor males are unable to resist the associated viability costs (reviewed in Cotton et al. 2004 ). Male quality may also vary according to environmental conditions, directly affecting some reproductive abilities, such as fertility or parenting (Iwasa and Pomiankowski 1999) . Thus, sexual traits may similarly reflect a male's genetic resistance to environmental stress.
A wide range of plumage traits are often affected by avian sexual selection (Hamilton and Zuk 1982; Andersson 1994) . Recent advances in our knowledge of avian vision and techniques in measuring color variation per se (see, e.g., Bennett et al. 1994; Cuthill et al. 1999 Cuthill et al. , 2000 Sheldon et al. 1999; Foerster et al. 2003; Osorio and Vorobyev 2005) have opened new challenges for associated research. If plumage coloration indicates male phenotypic condition, females, when choosing brightly colored males, may benefit in terms of direct benefits, for example, better breeding sites (Keyser and Hill 1999) , increased feeding rates of incubating females (Hill 1991) , and the young (e.g., Hill 1991; Palokangas et al. 1994; Keyser and Hill 2000) . In addition to the possibility of direct benefits, a number of studies have provided both theoretical (e.g., Andersson 1986) and empirical evidence that females may obtain indirect genetic benefits by choosing males with elaborate plumage traits (e.g., Petrie 1994; Hasselquist et al. 1996; Sheldon et al. 1997 Sheldon et al. , 1999 Møller and Alatalo 1999; Foerster et al. 2003) .
Avian colors are due to either pigmentation (carotenoid and melanin pigments) or feather structures (structural colors). Structural colors are produced by feather structures rather than by pigmentation. In addition to birds, they are common in butterflies, fish, and insects (Fox 1976) . Structural colors include colors of ultraviolet, blue, some greens, and iridescent plumage. Most of the studies on avian plumage colors have concentrated on pigment colors. Their signaling function and condition dependence S82 The American Naturalist have been intensively investigated and are more thoroughly understood (e.g., Senar 1998; Hill 1999; Andersson et al. 2002; Pryke et al. 2002; Alonso-Alvarez et al. 2004 ) than those of structural colors. It is clear that structural colors have importance in mate choice and pairings in many species (Bennett et al. 1996 (Bennett et al. , 1997 Andersson et al. 1998; Hunt et al. 1998 Hunt et al. , 1999 Pearn et al. 2001; ; but see Ballentine and Hill 2003) . Recent studies additionally indicate that structural-based sexual ornament (crown coloration) in the blue tit (Parus caeruleus) predicts male survival (Sheldon et al. 1999; Griffith et al. 2003) . In addition, this ornament is positively related to male genetic diversity (as measured by heterozygosity; Foerster et al. 2003) and is inherited from parents to offspring (Johnsen et al. 2003) . The condition dependence is much less understood. There is, however, growing evidence that these colors are, at some stage, condition dependent (Keyser and Hill 1999, 2000; Johnsen et al. 2003) . For example, it is known that nutritional stress has negative effects on structural colors in brown-headed cowbirds (Molothrus ater ; McGraw et al. 2002) . Furthermore, a study on the color variation in eastern bluebirds (Sialia sialis; Shawkey et al. 2003) supports the idea that the condition dependence of structural colors could be mediated via the feather nanostructure, mainly through variation in the number and size of keratin rods (see also Fitzpatrick 1998; Andersson 1999) .
Black grouse is a lekking species with strong sexual selection (Alatalo et al. 1991; Höglund and Alatalo 1995) . Males have several sexual ornaments, which are expressed in relation to male condition, reflecting, for example, male viability, fighting ability, and parasite resistance . Male testosterone levels increase during the mating time, increasing male mating effort (Alatalo et al. 1996b) . Male testosterone levels are positively correlated with eye comb size (Rintamäki et al. 2000) , and furthermore, male testosterone levels are positively related to male mating success (Alatalo et al. 1996b) . Molt takes place after the mating season in June-late August.
In this study, we investigated how spectrophotometric measurements of breast feathers and eye comb are related to male age and condition. In addition, we quantified the importance of color ornaments in predicting male mating success in this species. Finally, we tested experimentally how increased testosterone levels affect both structural and carotenoid-based coloration and male mating success in the following year and survival in the consecutive years. Furthermore, we investigated whether the testosterone manipulation differentially affected sexually and naturally selected fitness-related traits (investment in ornaments vs. survival, body mass, and flight ability). This is because stress and sex hormones can interact with both biotransformation (Prough et al. 1996) and immune system (e.g., Folstad and Karter 1992; Råberg et al. 1998; Kilpimaa et al. 2004) , possibly affecting both the production of free radicals and the expression of secondary sexual traits. Our study focused on structural colors, and mechanisms that control the development of structural color-based ornaments are poorly understood.
Methods

Field Work
This study was conducted on leks in central Finland, one of which is a natural bog (Petäjävesi-Teerijärvensuo, 2001 and three others that are currently used for peat exploitation (Petäjävesi-Valkeissuo, Multia-Kummunsuo, Keuruu-Lehtosuo, all in 2002) . Additionally, the survival of the males was monitored yearly until 2005. On these sites, black grouse males gather for lekking (main lekking time: March-early June; autumn lek: late August-early November) every year. Winter feeding sites (with oat seeds) were established for these sites to enable capturing outside the main lekking season. The total winter flock size varied from 55 to 100 individuals, of which about 60% were males. In every year, we captured both males and females starting in January and continuing until the end of March-mid-April. The individuals were captured with walk-in traps for one to five times per trapping season (for the methods, see, e.g., Alatalo et al. 1996b) .
Each captured individual was marked with aluminum and color rings for future identification. We measured their wing length (accuracy 1.0 mm), lyre (tail) length (accuracy 1.0 mm), and body mass (accuracy 10 g). The color of the red eye comb was measured with a spectrophotometer (maximally once every 3 weeks; here, only the results relevant to the testosterone implantation experiment are shown). A feather sample of five to 10 feathers was taken from the breast area of males in the first capture in January-February of the given year. This was preserved in a paper envelope for spectroradiometry later in the laboratory (for methods, see below). We also recorded male eye comb size with digital video cameras with a known standard (squared millimeter paper) every time the eye comb color was measured.
Breast Feather Data
In the laboratory, we measured the color spectrum of blue breast feather samples using a spectroradiometer (GS 3100, EG & G Gamma Scientific, San Diego, CA). The spectra were recorded three times per sample over the range from 320 to 700 nm in steps of 5 nm and were calculated relative to a 99% white reflectance standard (LabSphere). The location for measurement within each sample was randomly chosen within the bluish area on the tip of the feathers. All spectroradiometry was conducted blind to the feather origin. The feathers were placed on a black velvet background where the reflectance was low in all wavelengths to eliminate any possible reflection from the background. The sample was illuminated at 55Њ to the measuring surface by an EG & G RS-22 UV xenon fiber-optic light source. The illumination was always from the proximal end of the feathers. Reflected light was collected with the fiber-optic probe at 90Њ to the sample (35Њ to illumination) connected to an adjustable mounting stand (191C-02, EG & G Gamma Scientific) at the fixed distance of 17 mm. The spot area measured was 1 mm, and the meamm # 1.5 surements were carried out in a dark room to avoid any confounding effects of background illumination. The typical reflectance spectra of blue breast feathers are represented in figure 1a . The reflectance levels are low (up to 6.5%), but the spectra show a clear peak in the near-UVblue area. The feathers were dark blue also in our own eyes, and their hue did not change if the viewing angle was changed.
All the diurnal bird species investigated so far have the potential to detect near-UV light (320-400 nm; Cuthill et al. 2000) . The lens of the bird eye is UV transparent, which enables them to see in the UV light. Moreover, the UV/ violet cone sensitivity peak of, for example, many passerine species is within the near-UV area (in many cases, close to 370 nm). However, the shortwave cone sensitivity peak of Galliformes species is in the violet area, at 420 nm (see Cuthill et al. 2000) . This suggests that the main area for signaling in galliform species is located within the human visible range (1400 nm). Because of this and the fact that the reflectance peak of breast feathers of the black grouse was within the UV-blue wavelengths, we started to analyze our breast feather data by calculating both UV (R 320-400 nm / R 320-700 nm ) and blue (R 405-480 nm /R 320-700 nm ) chroma indexes from the color reflectance spectra. The total reflectance (often called total brightness), R 320-700 nm , was also included in the statistical analysis. Each color index (UV chroma, blue chroma, total reflectance) was calculated separately for the three spectra measured for each individual, and after this, the mean of the three separate values for each index was calculated and used in the analyses.
To investigate comprehensively the breast feather color reflectance curves, we additionally conducted a principal component analysis (PCA) for the color spectra (Bennett et al. 1997) . Each breast feather spectrum consists of 77 data points (the reflectance from 320 to 700 nm at 5-nm intervals). Principal component analysis summarizes a large number of correlated variables into a few orthogonal variables called principal components (for a detailed description of how PCA can be used for color spectra analysis, see Endler 1990; Cuthill et al. 1999 ). The major variation between color spectra is based on differences in brightness (Endler 1990; Endler and Théry 1996; Cuthill et al. 1999) , whereas in this study, our aim was to characterize the chroma (spectral purity or saturation) differences between individuals. Thus, each spectrum was first standardized by dividing each data point by its own total reflectance (R 320-700 ). After this, we further reduced data points to the means of 20-nm bandwidths between 320 and 700 nm, ending up with 19 data points for each color reflectance curve that were used for PCA. This was done to reduce the number of data points for the analyses and 
Testosterone Implantation Experiment
In March 2002, we conducted an experiment in three bogs (Teerijärvensuo, Kummunsuo, Valkeissuo), where we manipulated testosterone levels of yearling black grouse males. For this, we captured 38 young males (implantation capture; March 6-18, 2002), of which 19 males were implanted with testosterone implants and 19 males were unmanipulated controls (for implantation details, see information below). During each capture attempt, the same number of young males was assigned for implanted and control groups. Some of the males were captured earlier in the season in 2002, but we did not start the implantation until March 2002. This was because of the time-limited effects of the implant (about 2 months, according to Zuk et al. [1995] , for implants similar to those used here), which we wanted to be the most effective just before and during the mating time in the end of April-early May. We implanted the experimental males with 60 mg of crystalline testosterone (Sigma T1500) in silastic tubes (Dow Corning, Midland, MI; length 42 mm, diameter 3.14 mm; both ends of implants sealed with a medical adhesive [medical grade adhesive 40086, Sikema AB, Stockholm]) by inserting two implants (30 mg of testosterone each) under the skin in the male breast muscle (male body mass 1,100-1,270 g) and sealing the insertion wound with the same medical adhesive as above. The treatment and the amount of testosterone were adjusted from Zuk et al. (1995;  red jungle fowl Gallus gallus) according to black grouse testosterone levels (Alatalo et al. 1996b) . To ensure that the manipulation would not be unnaturally strong, we reduced our implants to two-thirds of those used by Zuk et al. (1995) for similar-sized jungle fowl.
The experimental males were recaptured from 14 to 33 days ( , ) after the implantation capmean p 23.0 SD p 6.4 ture, and a blood sample was drawn (1.5 mL from a brachial vein, centrifuged and the plasma stored at Ϫ20ЊC until testosterone analyses; see below for details), the eye comb was measured (size, color), and body mass measurements were again taken. A subsample of birds was caught again in their lekking arenas from 41 to 59 days ( , ) after the implantation capture, mean p 51.9 SD p 5.2 and the same measurements were again conducted.
During the main lekking time in 2002 (45-60 days after the implantation capture) in late April-early May in both years, mating success and display behavior of implanted and control males were observed from hides throughout the morning (details, e.g., in Alatalo et al. 1992 Alatalo et al. , 1996b . The leks were monitored over the whole period of matings, which lasted 7-10 days (also for years [2001] [2002] . Male display behavior was recorded each morning at 5-min intervals when females were absent from the lekking arena. The positions of all the males were plotted on a specific map at an accuracy of 1 m. The center of each lek was defined as the median for the horizontal and vertical axes for all the male observations during the mating season. The median of the observations of a particular male was defined and compared with the center of the lek to reflect the centrality of the certain male. The implants were removed when the males were recaptured in 2003 (all recaptures between mid-January and early February in 2003, when the feather samples were also collected). The survival rate was estimated from the recapturing and lekking data from 2002 to 2005 (Alatalo et al. 1991; Höglund et al. 1999) .
Eye Comb Measurements in 2002 and 2003
We assessed the coloration and size of male red eye combs for the captured males. For this, each eye comb was measured with an Ocean Optics USB2000 spectrophotometer over the range from 320 to 700 nm in the field. Briefly, fiber-optic cable (P400-2-UV/VIS) surrounded by six illuminating fibers (PX-2 high-power xenon light source), with a matte black plastic sheath enclosing the end of the probe, was placed perpendicularly against the eye comb. The distance between measuring probe and the eye comb was approximately 12 mm. The strobe illuminated an area of the eye comb approximately 1.5 mm in diameter. Each eye comb was measured six times per side in 2002, reduced to four times per side in 2003. We changed the measuring spot within an eye comb between every measurement and varied the measuring eye comb between the right and left after every two measurements. Referencing with a 99% white standard (LabSphere) was conducted before the first measurement and repeated every time after four measurements (two per side). The repeatability for the eight measurements in one measuring time (calculated from 2003 data) was relatively high ( , all males in-R p 0.82 cluded; , , ), and mean F p 36.23 df p 247, 1,725 P ! .0001 values were used for each male. For the typical reflectance spectra of red eye combs, see figure 1b. Eye comb size (cm 2 ) was calculated as the sum of right and left eye comb areas, calculated from digital video shots with known standard using ImagePro software. To calculate the hue of the red eye comb (redness), we used the spectral location, which is the frequency (nm) where the reflectance is 50% of the maximum (modified from Pryke and Andersson 2003) . Color Signaling in the Black Grouse S85 Parkinson and Follett 1995) . Although there is some cross-reaction of the antiserum with other androgens in the plasma, the cross-reactivity is low, and therefore this assay presents a reliable surrogate measure of absolute testosterone levels. It was confirmed that black grouse plasma samples diluted parallel with the standard curve. The assay was run with 50% binding at 7.0 pg tube Ϫ1 and a detection limit of 0.02 ng mL Ϫ1 for the duplicate 10-mL plasma volumes that were run in the assay.
Data Analyses
Mating success in lekking species is often highly skewed among males, as it is in our study population ). Thus, we apply nonparametric statistics for mating success analysis (Spearman's rank correlation). In addition, matings occur almost solely between females and old males, and thus mating success data are included only for the older males. Male mating success (pnumber of copulations per mating season) on the lek was observed on all the leks in each year throughout the main mating season, and it was used as a direct measure of male fitness. Paternity of the whole brood is obtained through one copulation (Alatalo et al. 1996a) . Since not all the males were recaptured in the testosterone experiment, we use group means of the implanted and control males when comparing morphology, behavior, and plumage traits of implanted and control males. Data for eye comb redness and eye comb size was corrected with date (2003 data; in 2002, all the values were measured in March) using linear regression against date (the predicted value for March 20 presented for eye comb redness; April 1 for eye comb size), since redness decreases and size increases linearly with the date (data not shown). Survival of implanted and control males from 2002 to 2005 was compared using Gehan statistics at life table options in SPSS programs. Statistical analysis was conducted with SPSS for Windows, versions 11.5-12.0. All the probability values are two tailed, and significance was set at . P ! .05
Results
Color Analysis: Male Mating Success and Age Differences
In the PCA for breast feather data where the reflectance was standardized with total brightness, two main principal components (PCs) were extracted. The first principal component (PC1) explained 75.36% and the second (PC2) explained 20.94% of total variance (altogether 96.30% of variance). The PC1 and PC2 correlation coefficients over the wavelengths are presented in figure 2 . The PC1 has high positive correlation coefficient values in short wavelengths (UV-blue area) and high negative correlation coefficient values in long wavelengths. It thus represents variation in relative amount of short-to long-wavelength reflectance. The PC2 instead has the highest positive correlation coefficient values in midwavelengths (green area; ∼480-515 nm) but explaining much less of the total variance.
In table 1, the correlations between the separate color indexes, PCs, and male mating success are presented (separately for young and older males). Blue chroma and UV chroma are positively correlated with each other in both age classes. Blue chroma is strongly positively correlated with total reflectance in both yearling and older males (table 1). Both blue chroma and UV chroma are positively correlated with PC1 in both age classes. However, only blue chroma is significantly positively correlated with male mating success ( To find out which specific wavelengths are associated with male mating success, we plotted the correlation coefficients between mating success and the reflectance of males in each 20-nm interval of the spectrum ( fig. 3) . In other words, we want to describe in which wave bands the variation in reflectance between males explains their mating success. Figure 4 indicates that wavelengths 380-435 nm are the ones that are the most associated with male mating success, a wave band area where the short wavelength sensitivity peak exists in galliform species (Cuthill et al. 2000) .
Testosterone Experiment: Effects of Implantation on Male T Levels, Eye Comb Size and Color, and Behavior
Sampled at the first recapture after the implantation capture, implanted birds had significantly higher testosterone levels compared with controls ( ). However, the eye comb size of implanted SD p 2.37 males was still smaller than that of adult males (for adults, see data in table 2).
Ten implanted birds and 11 control birds were observed lekking in the feeding sites in the year of implantation (2002) ever, UV chroma and eye comb size did not differ between the male groups, although eye comb size tended to be higher among the implanted males.
Discussion
Both principal components and calculated color indexes reveal that the short-wavelength area is important in sexual signaling in the black grouse. All the calculated chromatic color indexes and PC1 differed between male age classes, with older males having enhanced color expression. However, only blue chroma was positively significantly correlated with male mating success, and indeed it was the rather narrow range from 380 to 435 nm that turned out to be the most crucial wavelength area. Our testosterone implantation experiment revealed that the expression of color signals shows heightened condition dependency. This is because we observed the negative effects of our testosterone treatment on male sexual signals in the following year (after molting), but neither the wing length nor male body mass were affected. The treatment difference was the most prominent in lyre length, which was reduced even below normal population means (see table 4 ). Furthermore, the hormone-treated birds had reduced quality of their color signals: both the structural (breast feathers) and carotenoid-based (eye comb) coloration were negatively affected by the androgen treatment.
Signal Structure
Correlation coefficients between male mating success and the reflectance of male breast feathers across wavelengths revealed that short-wavelength reflectance (380 to ∼435 nm) is important in determining male mating success in this species. This was supported by the PC1 extracted with PCA after controlling for the effects of total reflectance: most of the between-male variation in reflectance spectra is in the short-wavelength area ( fig. 2) . A comparison of the calculated chromatic measures (UV and blue chroma) and total reflectance values with male mating success indicated that the blue chroma is significantly positively related to male mating success but not the other indexes. The short-wavelength cone sensitivity peak is at 420 nm in galliform species (Cuthill et al. 2000) , supporting the ecological relevance of our finding that the narrow wavelength area (380-435 nm) was most important in sexual signaling. Chromatic indexes and total reflectance, as well as PC1, are enhanced in expression in older males. This may be due to higher general quality of older individuals or simply males, males. due to delayed plumage maturation in yearling individuals. However, the fact that blue chroma is related to male mating success among old males may indicate that color signals may reflect male quality in the black grouse.
Testosterone Treatment, Male Signals, and Survival
Male eye comb size increased in the testosteroneimplanted birds but not in the control birds. However, redness of the eye comb was not affected by the testosterone implantation. Red eye comb is a carotenoid-based sexual signal (Zuk et al. 1990) , and in this study and others, its size has been shown to be positively related to male testosterone levels in many galliform species (Tetrao tetrix: Rintamäki et al. 2000 ; Lagopus lagopus scoticus: Gallus gallus: Zuk et al. 1995) . Testosterone treatment also increased male mating effort in implanted birds: they succeeded in achieving territories closer to lek center compared with controls, a trait important for determining male mating success in black grouse (Hovi et al. 1994 ). Furthermore, testosterone-implanted birds had reduced survival compared with controls. However, it is possible that we have missed some survivors because of dispersal, but most of the males do not disperse farther than 5 km (Alatalo et al. 1991; Höglund et al. 1999) . Thus, our observations are likely to reflect real survival differences between the implanted and control males. Our data suggest that our implants maintained an elevated level of testosterone during the crucial period of the study. Furthermore, during the main mating season, testosterone levels did not exceed those of active old, territorial males (data for the old males in Alatalo et al. 1996b) .
The strong effect of the testosterone treatment on sexual signals in the following year, especially on lyre length and structural coloration, could arise through several pathways. In general, increased reproduction (Nordling et al. 1998) or mating effort (McKean and Nunney 2001; Kilpimaa et al. 2004) or artificially elevated testosterone levels (e.g., Peters 2000; Buchanan et al. 2003 ) may suppress male immune defense and/or directly cause physiological stress and damage tissues (von Schantz et al. 1999) . Consequently, increased androgen levels may expose males for parasites, lead to the activation of immune defense system, and cause oxidative stress. Interestingly, there is much evidence that elevation of testosterone levels in male red grouse (Lagopus lagopus scotius) increases male parasite load (Mougeot et al. , 2005a (Mougeot et al. , 2005b (Mougeot et al. , 2006 , and they remain higher even after 1 year (Seivwright et al. 2005) . They have studied the effects of testosterone on a number of parasitic nematode Trichostrongylus tenuis, but unfortunately, we were not able to study prevalence or number of macroparasites in the black grouse.
Parasites directly affect the expression of black grouse ornaments. A previous study with two separate data sets indicates that male lyre length is strongly associated with parasite levels : males with longer lyre have fewer parasites. Interestingly, blue chroma is also negatively related to microfilaria blood parasite levels (R. V. Alatalo, H. Siitari, J. Höglund, P. Halme, P. T. Rintamäki, and J. Kilpimaa, unpublished manuscript). The fact that structural coloration might also be sensitive to parasites is supported by a study by Hill et al. (2005) : experimental infection of coccidial oocytes in wild turkeys (Meleagris gallopavo) indicates that parasites can suppress the expression of structural plumage colors. Because the lyre length was greatly shortened in the testosterone-treated group, our treatment had possibly increased the parasite loads in these birds, which in turn may have activated immune and detoxification systems, probably leading to increased levels of reactive metabolites and oxidative stress. However, it is almost impossible to capture birds during the summer and early autumn when they are not in winter flocks or are in the lekking arenas but molting. In addition, we know that the mortality of the males is highest during the six consecutive months after the main mating season (Alatalo et al. 1991) . The poor quality of both lyre and structural coloration in the testosterone-treated males indicates that there have possibly been developmental abnormalities during the feather development time. Only a detailed analysis of feather structure would probably give new insights for this possibility. Lyre length (sexual signal) was more affected by our treatment than the wing (not a sexual signal), and this indicates that lyre needs more time to grow, is more sensitive to testosterone, or is more sensitive to potential stress that might have been associated with our testosterone treatment. Keratin synthesis is important in feather development and may mediate the honesty of structural color signals (Fitzpatrick 1998; Shawkey et al. 2003) , as it is particularly susceptible to oxidative stress (von Schantz et al. 1999 and references therein). The recent study by Jovani and Blas (2004) emphasizes the importance of keratin synthesis in feather production. They found that in white storks (Ciconia ciconia), the occurrence of fault feather bars is more common in less important flight feathers compared with the most essential feathers, which had the least number of fault bars. Fault bars were also more common in the feathers of nestlings, which are more vulnerable to environmentally induced stress than the adults. Experimental studies of stress effects, feather nanostructure, and the expression of structural colors would give some new insights to the importance of stress for the evolution of structural coloration.
Acquisition and Maintenance of Black Grouse Plumage
Elevated testosterone levels are involved in acquisition and maintenance of breeding plumage in species in which plumage is dependent on testosterone (Kimball and Ligon 1999; Peters et al. 2000) . Thus, increased testosterone levels in those species should lead to high-quality (colorful) sexual ornaments. Black grouse, however, is a galliform species in which plumage is independent of testosterone (Kimball and Ligon 1999) . Black grouse molt in JulyAugust, a period right after the mating time. The plumage of the black grouse is instead estrogen dependent, meaning that the presence of estrogen leads to dull, female-like plumage, while the absence of estrogen is behind the bright male plumage (Kimball and Ligon 1999) . However, exceptions within Tetraonidae also exist; for example, the summer plumage of male willow ptarmigan (Lagopus lagopus lagopus) is not testosterone dependent, but the nuptial plumage (an additional plumage developed during the courtship season, between summer and winter plumages) appears to be testosterone dependent (Stokkan 1979 ). This does not exclude the possibility that testosterone does not affect the intrasexual variation in plumage traits. For example, in the house finch (Carpodacus mexicanus), experimentally increased testosterone levels delayed molt in both captive and wild birds. Additionally, testosterone-S90 The American Naturalist treated males molted into less colorful carotenoid-based plumage, but carotenoid supply diminished the difference (Stoehr and Hill 2001) . The authors suggest that testosterone-treated males did not have enough carotenoids available at the time of delayed molt, causing the duller plumage development. Contrary to this and to our study, in a study on satin bowerbirds (Ptilonorhynchus violaceus; Collis and Borgia 1992) , testosterone treatment of yearling males during the mating season induced premature development of adult characteristics, and these males developed a fully-matured deep blue adult plumage in the following year.
Although the molt takes place immediately after the breeding season, black grouse molt directly to new nuptial plumage. Thus, their plumage remains unchanged until after the next breeding season, although changes through, for example, feather wear (Ö rnborg et al. 2002) are possible but unstudied in black grouse. Unfortunately, we could not get direct information as to whether there was any difference in timing of molt in our implanted and control birds. In any case, at least at the time of recapturing (about 10 months after the testosterone implantation, in January-February 2003), all the birds had completely molted. The coloration of the carotenoid-based signal (red eye comb) was, however, at least marginally diminished in the treatment group compared with controls (table 4). We think that this cannot be due to lack of carotenoid availability because, at least during the molting time, the birds live in an environment with carotenoid-rich food, like berries and other plant material. However, the efficiency of carotenoid processing in the bird body might have been affected by our treatment. Furthermore, the trade-off between carotenoids needed for functioning as antioxidants or used for signal development (Blount et al. 2003 ) may be one plausible explanation.
Conclusions
To conclude, according to our results, plumage reflectance in short wavelengths is an important sexually selected signal in the lekking black grouse. Moreover, experimentally elevated androgen levels with artificially increased mating effort had multiple negative effects on male sexual color ornaments in the following year, after the new feathers were molted. Since the expression of both structural and carotenoid-based coloration as well as feather growth (tail length) was diminished by the treatment but the vital traits were not, our study indicates that sexual ornaments are selectively susceptible to stress and reliable indicators of a male stress resistance. Additionally, our study indicates that structural-based color ornaments are sensitive to past male condition, supporting the recent finding that structural-based color ornaments may reflect male genetic quality (Foerster et al. 2003) . In general, if sexual signals are especially sensitive to past male stress and male ability to resist stress is genetically determined, female choice could drive the evolution of honest male sexual signaling.
